INTRODUCTION
Vitamin D has a pivotal role in both calcium and immune homeostasis [1, 2] . The significance of vitamin D in bone health is widely known: important relationships have been observed between vitamin D deficiency and rickets, osteopenia, osteoporosis, osteomalacia, muscle weakness and an increased risk of fracture [3, 4] . Vitamin D has also been shown to have a key role in immune regulation, primarily with a role in the regulation of T cell development and function [5] . Recent studies have linked vitamin D deficiency with compromised immunity and an increased susceptibility to cardiovascular diseases, cancer and a variety of autoimmune diseases including rheumatoid arthritis, multiple sclerosis, type 1 diabetes mellitus, and inflammatory bowel disease (IBD) [6, 7] . The IBD, which include Crohn disease (CD) and ulcerative colitis (UC), are characterized by chronic uncontrolled inflammation of the gastro-intestinal tract [8] . Around a quarter of patients diagnosed with IBD present before the age of 20 years [9] . Children with IBD typically have more extensive disease, higher rates of extra intestinal manifestations, and greater nutritional consequences than adults with these conditions. Furthermore, the incidence of paediatric IBD is increasing internationally [9] [10] [11] . Vitamin D deficiency is highly prevalent in children with IBD [12] [13] [14] . Some paediatric trials show that this may in part contribute to an increased risk of poor bone health [15, 16] , but contrasting conclusions have been shown [17] . Recent studies have also focused on the relationship between vitamin D deficiency and disease severity in children with IBD; while some limited data suggests an association of vitamin D deficiency with a more severe course of disease, other studies do not report such a relationship [18] [19] [20] . Although there are clearly a number of reasons to consider adequacy of vitamin D an important objective in children with IBD, the optimal regimen to achieve this has not yet been established. In recent years, several publications have assessed the outcomes of vitamin D therapy in children with IBD. While reviews of the reports evaluating vitamin D therapy in adults with IBD have been published, there has not yet been a systematic assessment of the published studies on vitamin D therapy in children with IBD. The aim of the present systematic review was to assess the safety and efficacy of vitamin D therapy in children with IBD, by reviewing the published studies that have evaluated the administration of vitamin D in this population. Secondary aims were to address the diversity of the available trials, to identify gaps in current knowledge and to identify aspects relevant to future trials of paediatric vitamin D therapy.
MATERIALS AND METHODS

Search strategy
Following establishment of a review protocol, a literature search was conducted of all published studies up to March 31 st 2018 through MEDLINE, PubMed, EMBASE and the Cochrane Library. Search terms used included "vitamin D" OR "25-hydroxy vitamin D" OR "vitamin D2" OR "vitamin D3" OR "calcidiol" OR "cholecalciferol" OR "25(OH)D" OR "hydroxycholecalciferol" OR "ergocalciferol" OR "25-hydroxy vitamin D2" OR "dihydrotachysterol" OR "calcifediol" OR "dihydroxycholecalciferol" OR "calcitriol" OR "alfacalcidol" OR "alphacalcidol" OR "hydroxycholecalciferol"OR "colecalciferol" OR "cholecalciferol" in combination with "child" OR "childhood" OR "children" OR "paediatr*" OR "pediatr*" OR "adolescen*" in combination with "therap*" OR "treatment*" OR "regimen*" OR "supplementati*" OR "maintenance" OR "repleti*" in combination with "Crohn's" OR "colitis" OR "inflammatory bowel disease" OR "inflammatory bowel diseases" OR "IBD". References of included articles based on abstract were searched for other relevant articles. Duplicates were subsequently removed.
Eligibility criteria
Trials conducted on patients up to 18 years of age with IBD, CD or UC in which vitamin D therapy was given and where serum (s)-25OHD levels were reported at baseline and follow-up were included in this review. Only published manuscripts were included. Studies were excluded if (1) no vitamin D therapy was given; (2) they were conducted on patients with diseases other than IBD, CD or UC; (3) they were performed on adult patients; or (4) if they were not available in English language. Studies that included both children and adult patients and that did not report separate outcomes for paediatric patients were also excluded.
Data extraction
Key data was extracted independently from each selected article including: authors and date of publication; study design; location of the trial; sample size; condition of the study population (IBD/CD/UC); vitamin D deficiency and/or insufficiency cutoff points; dosage, length and cumulative dose of the vitamin D regimens; mean and standard deviation or interquartile range of s-25OHD levels at baseline and follow-up measurements, primary outcome of the study, and if available, any conclusions of the authors regarding the effect of vitamin D therapy administered in the trial. Vitamin D concentrations reported in nmol were adjusted to and reported in ng/mL, to allow for accurate comparisons across all studies.
RESULTS
Initial and final search findings
A total of 353 articles were identified following the specified searches. Seventy-six duplicates were removed. The remaining 277 article abstracts were analysed and included or rejected according to the protocol criteria. Of the 13 articles remaining, three were subsequently excluded after full-text analysis. A final total of 10 articles were included in this review ( Figure 1 ).
Five studies were designed to investigate the effect of vitamin D therapy on increasing vitamin D levels (Table 1) , and four were designed to investigate the effect of therapies on parameters of bone health ( Table 2 ). The final study was designed to investigate vitamin D therapy for maintaining sufficient vitamin D levels [21] . In the studies concerning bone health, vitamin D therapy was not the main intervention given; in one study vitamin D was administered to both the intervention and placebo group.
Findings from studies designed to examine the effect of vitamin D therapy used to treat deficiency
In a randomized trial by Wingate et al [22] , 83 patients with quiescent CD aged 8-18 years were included. Patients taking corticosteroids (CS) within six weeks before 1 These full-text articles were excluded because they were either cross-sectional studies with no follow-up s25OHD levels reported or vitamin D therapy was analysed as a dichotomous parameter with no information on dosage or length of regimen.
enrolment and/or vitamin D supplements containing > 1000 IU daily were excluded. In this study, 2000 IU vitamin D 3 was shown be superior to 400 IU vitamin D 3 in raising mean s-25OHD concentrations during 6 months of supplementation. After 6 months of supplementation, 74% of subjects receiving a 2000 IU daily dose reached s-25OHD levels above 30 ng/mL, compared to 35% of subjects receiving 400 IU daily. During the trial, 2000 IU daily was not always significantly superior to 400 IU daily; however, the higher was never inferior to the lower dose in raising s-25OHD concentrations. There was no difference observed between groups in participants experiencing hypercalcemia, hyperphosphatemia, or exceeded safety cut-off level of urinary calcium to creatinine ratio. There was no observed difference in elevated Creactive protein (CRP) or erythrocyte sedimentation rate (ESR) concentrations between groups. Pediatric Crohn's Disease Activity Index (PCDAI) scores were only defined at baseline. The authors did not report data concerning the occurrence of adverse events.
The study by Pappa et al [23] included 71 patients aged 5-21 years with a s-25OHD ≤ 20 ng/mL within 8 wk of enrolment. Exclusion criteria were liver or kidney failure, therapy with anticonvulsants metabolized through cytochrome P450, pregnancy, inability to take oral medication, attendance at a tanning salon once weekly or more, or receiving a treatment for vitamin D deficiency. This study showed superiority of both 2000 IU D 3 daily and 50000 IU D 2 weekly, over 2000 IU D 2 daily in changing mean s-25OHD concentrations over a treatment period of 6 wk. Both 2000 IU D 3 daily and 50000 IU D 2 weekly raised s-25OHD concentrations above 20 ng/mL in 95% of the participants, while 75% of participants in the latter group achieved s-25OHD levels above 32 ng/mL (compared to 38% of the subjects who received 2000 IU D 3 daily). The authors did not report whether the change in mean s-25OHD levels was significantly different between the 2000 IU D 3 daily group and the 50000 IU D 2 weekly group. One third of all participants experienced adverse events, but there was no difference in the frequency of adverse events between the three dosing regimens. None of the participants experienced hypercalcemia or hyperphosphatemia.
In a pilot study by Simek et al [24] , a weight-based dosing schedule of vitamin D was used for a total of 6 wk. This study included 32 patients aged 8-21 years with a s-25OHD concentration below 30 ng/mL. Patients with a known history of renal or hepatobiliary disease, use of systemic CS within 60 d of enrolment or with an inability to swallow study drug capsules were excluded. A regimen of 10000 IU/10 kg vitamin D 3 per week was compared with 5000 IU/10 kg vitamin D 3 per week. At 8 and 12 wk, mean s-25OHD concentrations in the higher dosage group were maintained at a higher concentration than in the lower dosage group but did not differ significantly. The change in mean s-25OHD concentrations were not affected by participant weight. Calcium and parathyroid hormone (PTH) measurements were not significantly different between baseline and follow-up. In addition, no events of hypercalcemia or serious adverse events were observed. Measures of disease activity were not reported. Shepherd et al [25] showed in their retrospective chart review that a single high ageadjusted dose of vitamin D (stoss therapy) increased s-25OHD concentrations significantly at 1, 3 and 6-mo follow-up in 76 vitamin D deficient children with IBD. Specific exclusion criteria for these participants were not reported. The s-25OHD concentration of all subjects increased to a level above 50 nmol (20 ng/mL) at 1 mo, remaining above 20 ng/mL in 96.6% of the subjects at 3 mo, and in 76.4% of the subjects at 6 months. A s-25OHD concentration above 75 nmol (30 ng/mL) was seen in 98% of the subjects at 1 mo and 63% of the subjects at 3 mo. At 6 mo, 17% of the subjects had not maintained a sufficient s-25OHD concentration of 20 ng/mL or above. The authors stated that there was no evidence of toxicity of vitamin D in any of the participants. Calcium, phosphate and PTH were measured at baseline and during follow-up, and showed no significant changes. Disease activity was reported at baseline.
Santucci et al [26] retrospectively reviewed vitamin and zinc deficiencies in a paediatric IBD cohort of 61 patients. Patients with coexisting medical conditions such as coeliac disease and cystic fibrosis that may affect vitamin D status were excluded. In total, the s-25OHD concentrations of 39 patients were assessed, of whom 21 participants received vitamin D treatment. This study showed that vitamin D supplementation with 2000 IU daily or 50000 IU weekly raised s-25OHD concentration to a level above 30 ng/mL in 88% children, compared to 50% in children receiving 400 IU daily and 25% in patients receiving 600-1200 IU daily. In 
Findings from the study designed to examine the effect of vitamin D therapy used to maintain sufficient vitamin D levels
Pappa et al [21] compared the efficacy and safety in maintaining s-25OHD above 32 ng/mL in two treatment arms; 400 IU vitamin D 2 daily (arm A), 1000 IU vitamin D 2 daily in summer and 2000 IU vitamin D 2 daily in winter (arm B). Sixty-three patients with IBD aged 5-21 years with a s-25OHD above 20 ng/mL, were followed threemonthly for 12 mo. Exclusion criteria were coexisting liver or kidney disease, pregnancy, use of anticonvulsants metabolized through cytochrome P450 or inability to take oral medications. In both groups, less than 10% of all patients achieved the main outcome of s-25OHD ≥ 32 ng/mL at all follow-up visits; the proportion of patients achieving this cut-off was similar in the two groups. In addition, only 79% of patients in arm A and 73% of patients in arm B with s-25OHD measured at all four follow-up visits maintained a s-25OHD concentration above 20 ng/mL: meaning that respectively 21% and 27% of the subjects presented with a s-25OHD below 20 ng/mL in at least one follow-up visit. The mean s-25OHD of both groups decreased from baseline at every visit with borderline significance. This study found that longer outdoor exposure and higher oral vitamin D intake were independently associated with the achievement of s-25OHD concentration ≥ 32 ng/mL at all follow-up visits. There was no difference observed between groups of participants experiencing adverse events, hypercalcemia, hyperphosphatemia, or exceeding safety cut-off level of urinary calcium to creatinine ratio. Disease activity was measured at baseline, 80% of patients had a PCDAI score below 10 (remission), 16% were between 10 and 30 (mild) and 5% of patients were above 30 (moderate/severe).
Findings from studies designed to examine the effect of bone health related therapies (including vitamin D) in paediatric IBD patients
The cohort study of Hradsky et al [27] was designed to assess the effect of vitamin D 3 therapy on bone health parameters and dynamic muscle function. In total, 55 patients aged 5-19 years with a diagnosis of IBD were included. Patients were excluded if they had another disease with known impact on the muscle-bone unit, if they were noncompliant to treatment, if they were pregnant, if they had undergone extensive small bowel surgery, if they were on total parenteral nutrition, or if they received growth hormone therapy. All patients received 2000 IU of vitamin D 3 daily, for a median of 13.8 mo. Mean s-25OHD concentration at baseline was 58 nmol (23.2 ng/mL). This regimen resulted in 76% of the patients having s-25OHD concentration above 20 ng/mL throughout the study period. In addition, the vitamin D regimen in this cohort was associated with improvements in trabecular bone mineral density (BMD) at the tibia and muscle power. The majority of patients did not show increased PTH levels at follow-up. CRP levels were similar between baseline and follow-up visits. Similarly, PCDAI and the Paediatric Ulcerative Colitis Activity Index scores were not different between baseline and follow-up. The authors concluded that their regimen was safe.
Benchimol et al [28] investigated the effect of supplementation with 1000 mg calcium daily for 12 months to 1000 mg calcium daily for 12 mo along with 50000 IU vitamin D 2 monthly for 6 months on BMD, compared to a control group who received no intervention. Seventy-two patients with IBD were included. Only subjects with an area lumbar spine BMD z score less than -1 were assigned to the intervention group. At baseline, children in the intervention group were shorter, thinner and experienced a greater bone age delay than subjects in the control group. The participants with CD in the intervention group trended towards a higher PCDAI score at baseline compared to controls. The mean s-25OHD of subjects receiving calcium alone and those receiving calcium and vitamin D supplementation together increased, with the latter group trending towards a level of 30 ng/mL, although the change from baseline was not statistically significant in either group. No serious adverse events were reported in any of the participants. No data on disease activity at follow-up or inflammatory markers were reported.
In a trial by Leonard et al [29] , the effect of low-magnitude mechanical stimuli on several bone related measures including BMD was analysed in 121 patients. Patients with CD aged 8-21 years who had a tibial trabecular volumetric BMD below the 25th percentile were included. Exclusion criteria were weight > 250 pounds, pregnancy, a medical illness unrelated to CD with potential adverse effects on bone or body composition, plans to travel for more than 4 wk over the study period, a sibling or acquaintance enrolled in the trial, or developmental disorders prohibiting completion of study procedures. Both the control and intervention group were supplemented with 1000 mg calcium and 800 IU vitamin D 3 daily for a period of 12 mo. Additional vitamin D intake in subjects was evaluated; if necessary the vitamin D supplementation was adjusted to prevent the average daily vitamin D intake from exceeding 2000 IU. Mean s-25OHD increased significantly but slightly among all participants. However, the proportion of patients with s-25OHD below 20 ng/mL did not change over the follow up period (7% at 12 mo and 8% at 24 mo). During the 12-month trial, there were 28 hospitalizations in the intervention group (n = 69) and 27 hospitalizations in the control group (n = 69), most of which were due to disease flares. In addition, 21 and 18 respectively reported symptoms at study visits.
A cohort study by Laakso et al [30] assessed lumbar spine areal BMD and heightadjusted whole body (less head) bone mineral content in 47 children and adolescents with IBD, with a median follow-up of 5 years. Vitamin D intake and s-25OHD were measured at baseline and follow-up. Patients aged 4-20 years with a diagnosis of IBD at least 3 mo before enrolment were included. Patients were excluded if they had other medical conditions unrelated to IBD that could affect growth or bone mass accrual. Total dietary vitamin D intake for all participants differed significantly between 7.5 μg (300 IU) [range 1.6 (64) -19.5 (780) μg (IU)] at baseline and 12.6 μg (504 IU) [range 1.7 (68) -49.2 (1968) μg (IU)] at follow-up. The proportion of patients using additional vitamin D supplements was 52% at baseline and 63% at follow-up. As this was a cohort study, vitamin D intake differed substantially between participants. This study found that patients with a low lumbar spine areal BMD had a greater total vitamin D intake than participants with a normal lumbar spine areal BMD, while their s-25OHD concentrations were not significantly higher. The authors suggested that this might possibly reflect impaired absorption of nutrients. The authors of each of the reports included in this review concluded that their vitamin D regimens were safe and well-tolerated. One study mentioned an adverse event rate of 32% [23] ; however, this rate was similar in all arms in their study and was therefore most likely not related solely to the vitamin D supplementation. Also, only patients with a s-25OHD concentration below 20 ng/mL were included in this study; the severe vitamin D deficiency at baseline may be related to the higher adverse event rate in this study group.
DISCUSSION
Safety
In general, few of the included studies provided quantitative data concerning adverse events. More detailed information on side effects and adverse events of vitamin D therapy is needed to compare safety between regimens and to define an optimal treatment dose. In future trials concerning regular or high dose vitamin D therapy, these markers should be measured strictly and possible side effects should be monitored.
Efficacy
Effects of vitamin D therapy on s-25OHD concentrations:
Regarding an optimal cutoff value for vitamin D therapy, the Institute of Medicine has argued that s-25OHD levels above 30 ng/mL do not provide additional benefit [31] . However, other studies suggest that a level of at least 32 ng/mL is required for optimal intestinal calcium absorption [32, 33] . A level of 30 ng/mL has also been mentioned as to be sufficient to reduce PTH activity [34] . Based on this evidence, a target s-25OHD level of at least 30 ng/mL for children with IBD should be considered with regards to optimal bone health.
In one of the included studies, 2000 IU D 3 daily raised s-25OHD above 30 ng/mL in 74% of the participants after 6 months of treatment [22] . Another study showed a similar response after weekly dosing of 50,000 IU D 3 for 6 wk [23] . In a third study, 2000 IU D 3 daily was able to achieve a mean s-25OHD above 30 ng/mL in the study population throughout the course of treatment [27] . Both 5000 IU/10 kg vitamin D 3 per week and 10000 IU/10 kg vitamin D 3 per week for a period of 6 wk were able to raise s-25OHD above 30 ng/mL at week 8 in one of the trials; however, this effect was lost by week 12 [24] . The stoss therapy seemed highly effective in raising s-25OHD levels above 30 ng/mL for at least 1 month and was more successful in maintaining concentrations above 30 ng/mL at 3 and 6 mo compared to other trials [25] . No other trials normalized mean s-25OHD from a deficient level to a concentration above 30 ng/mL. The trial of maintenance of vitamin D levels was not successful in raising s-25OHD levels greater than 20 ng/mL at baseline to a level above 32 ng/mL during a period of 12 months, as less than 10% of the study population achieved this level at each trimonthly visit [21] .
Effects of vitamin D therapy on paediatric IBD:
The influence of vitamin D therapy on disease severity is a further potential outcome of supplementation. This is relevant as the primary effects of vitamin D in this population (on factors such as BMD, bone resorption and calcium homeostasis) are inconsistent and the significance of hypovitaminosis D in children with IBD is still unclear [17] . In adults, more evidence of the role of vitamin D in treatment of IBD is available; small trials show promising results but remain conflicting [19, 35] . Therefore, with the evidence for possible beneficial effects of vitamin D therapy on the clinical course of IBD in childhood being extremely limited, it would have been very useful if more of the included studies had reported disease severity related measures of the participants over time.
Only two of the included studies reported mean PCDAI scores at both baseline and follow-up [22, 25] . However, neither included statistical data to support these findings. One study showed a nonsignificant difference in PCDAI scores between treatment groups [22] . They reported that the proportion of patients having a PCDAI ≤ 10 (quiescent disease) was smaller at follow-up than at baseline in both treatment arms. No statistical analyses comparing follow-up to baseline levels were reported. The other trial reported PCDAI scores varying from 0 to 47.5 (median 10) at baseline and from 0 to 85 (median 2.5) at 6 mo follow up [25] . Two included studies reported changes in anti-inflammatory markers subsequent to vitamin D treatment [21, 22] . One reported lower levels of interleukin-6, CRP and ESR in participants taking higher doses of vitamin D [21] . The authors stated that the study was not designed to investigate the relationships between vitamin D intake and inflammatory markers and that these results should be interpreted with caution. In contrast, the second study reported no differences in CRP and ESR between treatment groups [22] . Both the limited data on this topic and their contrasting exploratory results call for prospective research that focuses on the effect of vitamin D therapy on disease severity of IBD, concerning clinical factors and anti-inflammatory effects.
Trial differences
While all included studies provide important data on vitamin D therapy in children with IBD, important study differences prevent direct comparisons of treatment regimens or conclusions as to an optimal dose of vitamin D. However, given the variability of disease and patient-related factors (see below), it may be more appropriate to consider personalized treatments rather than one regimen to suit all patients.
Study population:
Regarding the studies designed to investigate efficacy of vitamin D therapy, two studies included only patients with a baseline s-25OHD concentration below 20 ng/mL [23, 25] . One study included patients with s-25OHD concentration below 30 ng/mL [24] . The study focusing on maintenance therapy included only patients with a baseline s-25OHD level above 20 ng/mL [21] . Another study included only patients with quiescent CD [22] . Concerning exclusion criteria, patients taking corticosteroids shortly before enrolment were excluded in two studies [22, 24] . Two trials excluded children taking additional vitamin D supplements [22, 23] . Patients with a history of liver or kidney disease were excluded in three trials [21, 23, 24] . Two studies also excluded patients taking anticonvulsants metabolized through cytochrome P450 [21, 23] . Regarding the studies on bone health, one study excluded patients with coexisting diseases that might affect vitamin D status [26] . Another study excluded patients with plans to travel more than four weeks over the study interval [29] . Three studies excluded patients if they had a history of coexisting medical conditions unrelated to IBD that affected bone mass [27, 29, 30] . Patients who had undergone extensive small bowel surgery, patients on total parenteral nutrition and patients on growth hormone therapy were excluded in one study [27] . Due to these differences in inclusion and exclusion criteria, baseline differences in s-25OHD, co-medications, comorbidities, and disease severity exist between the various reports. Furthermore, via the principle of regression to the mean, patients with a lower baseline level of s-25OHD are more likely to achieve a greater mean change in s-25OHD than participants with a higher baseline level. This principle should be considered when comparing treatment regimens and when developing future dosing schedules.
Length of treatment regimen:
Two studies both provided vitamin D therapy for 6 wk, whereas two other trials studied the effect of vitamin D supplementation over 6 mo [22] [23] [24] 28] . One trial supplemented participants with vitamin D over 12 mo [29] , two studies observed vitamin D levels after a median of respectively 13.8 mo and 5 years of supplementation [27, 30] , and one study reviewed the effect of a single dose of vitamin D with follow up for 6 months [25] . As suggested by the latter study, the duration of the effect of vitamin D could be dependent on the dosage, with higher dosages possibly having longer lasting effects [25] .
Form of vitamin D used:
While vitamin D is often still prescribed by the number of international units or IU, which is based on the presumption of an equal bioavailability between vitamin D 2 and vitamin D 3 , a growing body of literature recognizes that vitamin D 3 has a 2-3 times greater potency resulting in a higher s-25OHD with a longer duration of effect compared to vitamin D 2 [36,37] . Some trials treated patients using vitamin D 2 , while the majority supplemented with vitamin D 3 . One study showed superiority of vitamin D 3 compared to the same dosage of vitamin D 2 in raising s-25OHD levels in children with IBD [23] . These aspects of bioavailability should be considered in future trials, and a distinction in recommended dose for vitamin D 2 and D 3 separately is needed.
Dose adjustment:
One study utilised an age-adjusted dosage regimen [25] , while another used weight-adjusted dosing [24] . The remaining trials did not adjust the dosage for weight or age. One trial suggested that a weight-adjusted dosing regimen might be more suitable, as an increase in s-25OHD was inversely related to weight [23] . Furthermore, patients in this study who failed to achieve sufficient levels were heavier than average. This finding is in line with observations in healthy adults [38, 39] . In contrast, the study using a weight-adjusted dosing schedule observed no effect of differing weight upon the change in s-25OHD [24] . One included study postulated that vitamin D is known to sequester in fat tissue and this could explain the variation in achieving sufficiency related to weight [23] . In contrast, recent literature did not observe a sequestration of vitamin D 2 and vitamin D 3 in fat [36] . Recent studies that describe an inverse relationship between an increase in mean s-25OHD level during therapy, and baseline s-25OHD concentration [38, 39] , would support a dosage regimen based on severity of vitamin D deficiency. Vitamin D may play a role in improving bone health in children with IBD [23, 40] . In addition, one of the included studies mentioned studies showing a negative effect of glucocorticoids on BMD [27, [41] [42] [43] [44] . It seems logical to conclude that children with IBD receiving corticosteroids are likely to benefit from a higher dose of vitamin D. Currently, children with IBD receiving corticosteroids are often excluded from vitamin D trials or comprise a small proportion of study groups.
Taken together, these findings support the need for future studies that assess adjustment of vitamin D treatment based on weight and/or age, severity of vitamin D deficiency, treatment with corticosteroids and gender.
A different way to look at a personalized adjustment of vitamin D treatment is to identify the characteristics of patients failing to achieve sufficiency, such as heavier participants in one included study [23] . In addition, some patients are prescribed immunosuppressants that are associated with increased sun sensitivity and are therefore counselled to carefully use sunscreen, which negatively influences UV-B synthesis of vitamin D [45] ; for these patients, a higher vitamin D dose might also be appropriate. Moreover, given that genetic variants in vitamin D hydroxylation are related to deficiency and a poor response to treatment [46] , future studies might be needed to identify patients with these genetic variants in order to personalise their treatment. In general, future trials concerning vitamin D therapy in children with IBD should try to identify the characteristics of patients failing to achieve the target level of 30 ng/mL while bearing some of these possible explanations in mind.
Knowledge gaps
While the studies reviewed in this paper give important evidence concerning the efficacy and safety of vitamin D therapy in children with IBD, remaining questions need to be addressed in order to define optimal vitamin D treatment regimens for this patient group.
Safety threshold:
Three included studies refer to a safety threshold of s-25OHD at 88 ng/mL, as vitamin D intoxication has not been reported below this level [21, 23, 27] . However, other authors mention this concentration was based on trials in healthy adults [47] ; data concerning children and especially those with chronic disease is lacking. As some of the participants in the stoss study had increased levels that exceeded 88 ng/mL [25] , without adverse events seen, continuing these single high-dose regimens might lead to new evidence concerning safety of vitamin D threshold. Participants achieving such high concentrations of s-25OHD should be carefully monitored, as potential risks include hypervitaminosis D with hypercalcaemia, hyperphosphatemia, hypercalciuria, nausea and renal calculi [48] . One included study referred to a daily upper tolerable intake of vitamin D of 3000 IU in children ages 4-8 years and 4000 IU in children 9 years and older, without reference to the form of vitamin D [22] . Due to the recent evidence that highlights the differences in bioavailability between vitamin D 2 and vitamin D 3 , new studies on this topic should include different recommended intakes for vitamin D 2 or D 3 , along with investigating if there is a difference in safety between vitamin D 2 and to vitamin D 3 [37] .
Efficacy: With the included trials, vitamin D was introduced as a new therapy for children with IBD. Possible beneficial effects of this treatment are related to bone health, anti-inflammatory markers and disease severity. While the included trials are beginning to establish accurate treatment regimens to achieve sufficient vitamin D levels, the relevance of vitamin D treatment in this population remains controversial [17] . Where four of the ten included studies in this review focused on bone health related measures as an outcome of therapies including vitamin D [27] [28] [29] [30] , only two studies reported disease severity related measures (PCDAI scores) [22, 25] , and two studies included anti-inflammatory markers as a secondary outcome [21, 22] . As stated above, the effect of vitamin D on the course of disease in these children is still unclear. Large prospective trials are needed to establish the efficacy of vitamin D treatment in this population, with a focus on the clinical course of disease, bone health and anti-inflammatory related measures.
Absorption:
The studies included in this review share different opinions on the absorption of vitamin D in children with IBD compared to healthy children or adults. One study allocated participants to intervention and control groups based on their BMD; the intervention group had a lower BMD than the control group [30] . The authors discussed that patients with a low lumbar spine areal BMD had a greater total vitamin D intake, while their s-25OHD levels were not significantly greater, reflecting a possible impaired absorption of vitamin D. In contrast, two other studies suggest that the absorption of vitamin D in their study population is likely not different from the healthy population [22, 23] . However, all the participants in one of those trials had baseline s-25OHD levels below 20 ng/mL, and following the principle of regression to the mean these patients are more likely to achieve a greater change in s-25OHD with relatively lower vitamin D intake than patients or healthy children with a higher average s-25OHD concentration [23] . The participants in the second study all had quiescent CD: absorption in this group may differ to that in children with more active disease [22] . Future studies need to be carried out in order to validate the possibility of impaired absorption of vitamin D in children with IBD.
Adherence: Strict adherence is needed with a daily regimen in order to achieve optimal vitamin D levels. Lowering the treatment burden and improving adherence is likely to enhance s-25OHD status. A noncompliance rate around 30% was reported in both groups in one of the included studies [21] . In addition, another trial reported that 68% and 88% of participants who completed the study had adherence rates greater than 80% and 70%, respectively [22] . Furthermore, one trial stated that adherence in their trial was better with weekly than with either of the two daily regimens (89% vs 70% and 78%), therefore the authors recommend a weekly regimen [23] . On the other hand, the authors of the stoss study argued that a single dose treatment of vitamin D may minimise non-adherence to vitamin D treatment [25] . The purpose of the current study was to systematically review the available reports that had evaluated the efficacy and safety of vitamin D therapy in children with IBD. In addition to emphasizing the diversity between the included studies, this review has shown that the majority of included trials were not sufficient in raising s-25OHD concentrations of vitamin D deficient children with IBD to an acceptable level (30 ng/mL). Clearly adequate dosages are needed in order to achieve optimal levels above 30 ng/mL and to maintain these levels long term. The precise dosing regimen should consider various factors such as age, baseline s-25OHD concentration, weight, gender and disease activity. In addition, adherence with therapy is likely enhanced with weekly or single dosed regimens compared to daily regimens. Furthermore, the current data highlight the importance of applying dose adjustments and separate criteria for vitamin D 2 and vitamin D 3 , measuring anti-inflammatory markers and further investigating safety in future trials on vitamin D therapy in paediatric patients with IBD.
This review has also emphasized that effects of vitamin D supplementation on disease severity related measures in paediatric IBD are not yet elucidated. As relationships between treatment with vitamin D and factors related to bone health, clinical course of disease and anti-inflammatory markers in paediatric IBD have not yet been clearly established, future trials should assess these topics prospectively.
Several limitations should be acknowledged. Firstly, only three published randomized controlled trials designed to investigate the efficacy of vitamin D therapy on s-25OHD concentrations were identified and included in this review. Because of the lack of comprehensive research on this topic, suggestions concerning treatment regimens in this review need to be confirmed in future trials. Second, given the diversity of included trials, the reviewed vitamin D regimens cannot be compared in a meta-analysis. Therefore, it is not possible to draw a conclusion about an optimal regimen; personalizing vitamin D treatment may be more appropriate. Notwithstanding these limitations, this first comprehensive assessment of vitamin D therapy in children with IBD provides important insights for future research in order to optimize the management of children with IBD.
ARTICLE HIGHLIGHTS
Research background
Vitamin D deficiency is commonly seen in children diagnosed with inflammatory bowel disease (IBD). While vitamin D is important for bone health, inadequate levels may also influence the course of disease.
Research motivation
To date, however, the optimal manner to correct and maintain adequate vitamin D levels in children with IBD have not been established.
Research objectives
The principal objective of this work was to systematically review the published literature focusing on vitamin D therapy in children with IBD. The further objective was to highlight opportunities for future work to augment and enhance the current understanding in this field.
Research methods
The published literature was reviewed systematically for publications that had focused on vitamin D therapy in children with IBD. The available data was then reviewed in detail.
Ten published articles were identified and reviewed in detail. These reports included very different study designs with varied treatment regimens. Overall, there was no clear optimal regimen or approach that consistently corrected vitamin D deficiency and maintained levels over time.
Research perspectives
Vitamin D sufficiency is an important aspect of managing children with IBD. The available published literature does not provide a clear approach to the management of deficiency of vitamin D in this setting. Various aspects likely influence the response to vitamin D therapy: these are important factors that need to be taken into account in considering future work in this area.
